During the last years, there has been a great interest in Bi nanowires ͑NWs͒ since they provide an attractive scenario for fundamental investigation of both classical and quantum finite-size effects, due to the unusual electronic structure of Bi. They are of special interest for thermoelectric applications due to the unique properties of bulk Bi, such as its small electron effective mass, the high anisotropy of its Fermi surface and the low thermal conductivity. 1 In particular, the small Bi electron effective mass ͑ϳ0.001 m e ͒ has motivated an active investigation of quasi-one-dimensional ͑1D͒ phenomena such as the wire-boundary scattering effect and quantum confinement effects on the electronic transport properties of quasi 1D-systems. 2, 3 Localization effects caused by quantum interference effects in disordered systems with reduced dimensionality have been studied over the past two decades. 4 In the case of systems with large spin-orbit interaction, such as Bi, they are referred to as weak antilocalization ͑WAL͒ effects and manifest as a positive correction to the conductance of the system. [5] [6] [7] In a system with a diffusion constant D, the relevant scale for coherence in phase is L = ͑D ͒ 1/2 ͑ is the phase-breaking time of the electron wave function͒ which determines the effective dimensionality of a system with respect to WAL effects. Thus, for a wire with a small diameter ͑W͒ so that L Ͼ W, the localization behavior should be regarded as 1D. In the case of Bi, the signature from WAL effects can be overshadowed by the contribution coming from the classical or ordinary magnetoresistance ͑MR͒ caused by the curving of the electron trajectory by the magnetic field ͑Lorentz force͒. In particular, Bi NW arrays show ordinary MR values of several 100 s at 50 kOe at low temperature 8 which is typically two to three orders of magnitude larger than the contribution due to WAL. 9 This fact limited the observation of signatures of localization effects to very low temperatures ͑Ͻ4 K͒ and low magnetic fields which did not allow a quantitative analysis of localization effects. However, WAL effects can be enhanced with the reduction of dimensionality since the classical MR is expected to drop significantly. NWs represent an excellent playground for the investigation of 1D WAL effects.
To date, however, most of the reported studies on BiNWs focused on electronic transport properties in polycrystalline or single-crystal Bi arrays of NW using two-probe technique. The main reason for the lack of four-probe measurements on individual NW is the difficulty in making good electrical Ohmic contacts due to a native 10 nm thick Bi oxide coating that forms on the surface of the NWs. 10 Over last years, some research groups succeeded 10, 11 although their studies focused on absolute resistivity without further fundamental transport properties such as MR. Recently, Shim et al. 12 carried out magnetotransport properties of an individual single-crystalline ͑its axis oriented along the trigonal direction ͓001͔͒ 400-nm-diameter Bi NW. In that case, however, the dimension of the NW was too large and the contribution of the classical MR was too high ͑several thousands at low temperatures͒ to allow the WAL effects to be observed.
In this letter, we present the magnetotransport properties of individual single crystalline Bi NWs of 100 nm-width ͑smaller than the mean free path͒.
Bismuth NWs with an average diameter of 100 nm and 4 m in length were fabricated by electrodeposition as described elsewhere.
13 Figure 1͑a͒ shows the transmission electron microscopy image of an individual NW revealing that they are cylindrical in shape. X-ray diffraction and high resolution transmission electron microscopy ͑HRTEM͒ revealed a rhombohedral structure, the same as that of bulk Bi. The electron diffraction pattern obtained in the direction perpendicular to the long axis of the NW was indexed to the hexagonal lattice of Bi ͓Fig. 1͑b͔͒. Figure 1͑c͒ shows the select area electron diffraction ͑SAED͒ patterns identifying the family of planes ͑012͒, ͑110͒, and ͑122͒. An exhaustive study carried out in different zones of the NW by HRTEM and SAED confirms the single crystallinity and orientation of the Bi NWs which grow along the direction ͓012͔. No extensive defects such as grain boundaries have been observed over the length of the wire, which confirms the monocrystalline structure. A very thin amorphous oxide shell ͑5 nm͒ has been observed. For electrical measurements on a single NW, a drop of NW-containing solution is deposited onto a thermally oxidized silicon wafer where Al microelectrodes have been patterned by means of optical lithography. A relatively long NW was located by means of scanning electron microscopy ͑SEM͒ and nanoelectrodes were patterned on the NW connecting it to the Al-microelectrodes by a tungsten ͑W͒-based nanodeposit grown by focused-ion-beam-induced-deposition ͑FIBID͒. This kind of deposit favors low electrical resistance as required in some applications.
14 SEM images of a 100 nm Bi-NW prepared using this technique are shown in Figs. 2͑a͒ and 2͑b͒. The resistivity measured in situ was found to be 6 ϫ 10 −4 ⍀ cm, which is five times higher than the of bulk Bi, 1.2ϫ 10 −4 ⍀ cm. Such an increase can be explained by an ordinary size effect. 15 No modification of the resistance was observed when the NW comes into contact with ambient atmosphere, which indicates the absence of oxidation or degradation effects after exposure to ambient conditions. Magnetotransport properties have been carried out in a commercial physical properties measurement system from Quantum Design in the temperature range from 300 K down to 5 K with a low-frequency current of 100 nA. The magnetic field is applied perpendicular to the substrate plane. Measurements of the NW resistance by four-probes are found to be ohmic at 5 and 300 K, corresponding to of 1.83ϫ 10 −3 and 6 ϫ 10 −4 ⍀ cm, respectively. This fact indicates that the observed 5 nm-thick Bi oxide shell has been either partly removed during the contact fabrication using the ion-beam or, if still present, is not thick enough to disrupt the electrical transport.
We have studied the MR ͑H, T͒ ͑%͒ = 100ϫ ͕͓R͑H ,T͒ -R͑0,T͔͒ / R͑0,T͖͒ down to low temperatures in order to highlight the contribution from WAL. Figure 3 shows the magnetic field dependence of the MR. The values of MR at 90 kOe ͑ϳ16% at 300 K and ϳ10% at 5 K͒ are significantly lower than those reported by Shim et al. 12 We became aware that two temperature regimes can be distinguished as follows: ͑i͒ The high temperature regime ͑T Ͼ 10 K͒, where the field dependence of MR is essentially quadratic ͑Lorentz͒ and shows no sign of saturation at high field and ͑ii͒ the low temperature regime ͑T Յ 10 K͒, where MR shows a diplike shape near H = 0, which is significantly enhanced as T decreases down to 5 K. This behavior is a signature of WAL. 4 In this low-temperature regime, the classical MR tends to dominate the magnetotransport for H Ͼ 12 kOe. It is worth noting the relative high value of H up to which WAL signatures are visible. Inset of Fig. 3͑a͒ shows that at 90 kOe the MR increases with decreasing temperature reaching its peak value at T ϳ 200 K. At low fields ͑H = 10 kOe͒ however, MR increases sharply for T Յ 10 K which, again, is a signature of localization effects. 6 We have used a standard multiband model 16 to fit the experimental MR data at T Ͼ 10 K. Each band has two pa- rameters, resistivity i and Hall coefficient R i =1/ q i n i , where q i = Ϯ e is the charge of the carrier. A two-band model, with a bulk electron and a bulk hole band, accounts for the field dependence of the MR in the temperature range 100 K Ͻ T Ͻ 300 K. For 10 K Ͻ T Ͻ 100 K, a third electron band is required. Such a minority electron band accounts for the surface states in Bi, which are highly metallic in contrast to the semimetallic nature of bulk Bi. 17 Both theoretical and experimental works 17 have shown the important role of these states in the transport properties of Bi systems when dimensions downsizes to nanometer scale as occurs in Bi NWs. 18 It should be noted that the contribution of the surface states to the MR indicates that such states have not been quenched by the possible Bi oxide shell present in the NWs. The solid lines in Fig. 3͑a͒ are calculated from our two-and three-band analysis. The surface carriers become important below 50 K, although bulk electrons are dominant. The ratio of bulk electrons to surface carrier density is 10 for these 100 nm-width NWs at low temperatures.
For T Յ 10 K the three-band model only reproduces the experimental MR curves for H Ն 12 kOe, i.e., when classical MR dominates the magnetotransport. This is shown in Fig.  3͑b͒ for T = 5 K. The dip in the MR for H Ͻ 12 kOe requires being analyzed in accordance with WAL theory. The correction to the resistance due to WAL in 1D systems in the strong spin-orbit limit is predicted to take the form: 19, 20 
where A i ͑x͒ denotes the Airy function, R ᮀ is the resistance per square which in the present case takes the form R ᮀ = / W and x =2͑L / L 0 ͒ 2 . L = ͑D ͒ 0.5 is the phase-breaking length due to quasielastic Nyquist scattering, which is the main contribution to the phase breaking time in lowdimensional disordered systems. 20 is the Nyquist dephasing time.
, where 1 / 0 ͑B͒ =1/ 0 ͑H =0͒ +1/ H , and 1 / 0 ͑H =0͒ is the inelastic electron-electron scattering rate. 1 / H is the effective dephasing rate introduced by the magnetic field ͑H͒, and is given by 1 / H = DW 2 / 12l H 4 , and l H = ͑3ប 2 / e 2 AH 2 ͒ 0.5 is the magnetic length with A the wire cross section. In order to perform a more reliable fit to Eq. ͑1͒, we have subtracted the contributions to the MR by the classical mechanism described by the threeband model ͑⌬R classical ͒. We have carried out a threeparameter fit ͑W, L , and L 0 ͒ to Eq. ͑1͒. The experimental and calculated resistances are in very good agreement for H Ͻ 12 kOe as observed in Fig. 3͑b͒ . The values of the parameters inferred from the fit are W ϳ 40 nm, L = 52 nm, and L 0 =63 nm at 10 K and W ϳ 40 nm, L = 53 nm, and L 0 = 65 nm at 5 K. We note that the value of the effective width obtained from the fit W is smaller than the physical width ͑100 nm͒. This difference could possibly be due to a reduction in the wire diameter caused by defect scattering by FIB irradiation, boundary scattering on some crystallographic defect or limitations in the description provided by the used model. Another feature to note is that the values of L are comparable to, or slightly higher than, the estimated effective width of the wire, which suggests that the transport should be intermediate between the quasi-two-dimensional ͑2D͒ and quasi-1D regimes. Attempts to fit the MR using the theoretical forms for WAL in two and three dimensions have also been made giving a poor fit to the data. The NW could be considered as 1D system with respect to WAL. 7 The relative intensity of the two effects ͑classical and WAL͒ could be altered by the wire dimensions and then WAL contribution can be tuned by reducing the wire diameter. An alternative way of enhancing the WAL contribution is the study of ultrathin Bi films with lateral size smaller than L where the classical MR signal is expected to be reduced. Thus, WAL phenomena could be traced out to higher temperatures and higher magnetic fields, improving the resolution in the determination of the physical parameters derived from the analysis of the MR curves.
In summary, we have investigated the magnetotransport properties of individual single-crystalline Bi NWs 100 nmdiameter grown by electrodeposition. We achieved lowresistance Ohmic contacts to single Bi-NWs that were stable from 5 to 300 K by using FIB techniques. The MR showed evidence for WAL in 1D at temperatures below 10 K, with a phase breaking length of ϳ100 nm.
